A new method for conducting a heterogeneous catalytic reaction in the gaseous phase is discussed. It eliminates the use of carriers and allows catalysis to be conducted via an aerosol of finely milled active catalytic materials. Problems associated with the strength and thermal stability of catalysts are thereby avoided. A high and constant catalytic activity is ensured for the aerosol catalyst by integrating the chemical reaction zone and the mechanical treatment zone. Thus, solid particles that move with the reactant flow or special devices that allow mechanical treatment of the catalyst particles may be located in the reactor. Such aerosol catalysis has been tested in processes involving partial and complete oxidation, recovery, vinylation, chlorination and dechlorination. Relative to traditional systems, i.e. placement of the active catalytic active material on the carrier, the reaction rate was increased by 4-5 orders of magnitude. The production of catalysts and the implementation of chemical reactions are thereby both simplified simultaneously.
The limitations of traditional catalytic systems prompted the work undertaken by ourselves in conjunction with IC SD AS USSR (now the Catalysis Institute headed by G.K. Boreskov RAS) both in the development and operation of experimental and pilot-scale catalytic heat generators (CHG) (Glikin et al. 1983) . Thus, complete oxidation of liquid industrial wastes was studied using the fluidized bed of a catalyst (copper chromate on -Al 2 O 3 ) developed in the Catalysis Institute, thereby allowing the direct introduction of a liquid into the catalysis zone in contrast to other known methods. This simplified the technology, reduced the investment and power consumption costs, and removed explosion hazard limitations. The isothermal mode of the catalysis zone and the high coefficient of heat transfer to a built-in heat exchanger reduced limitations regarding the thermal stability of the carrier and the concentration of combustible components in the initial mixture. The high ecological and technological efficiency of CHG technology was thereby demonstrated. However, catalyst attrition in the fluidized state was greater than 0.3% per day and the catalyst rapidly lost its activity in the presence of salts of organic or inorganic acids due to plugging of the surface pores. Since salts contaminate the majority of industrial wastes, this was the principal reason for not pursuing what appeared to be a promising form of technology. A similar situation was observed in the synthesis of oil and oil products, and in processing and polymerization.
A NEW DIRECTION FOR CATALYST TECHNOLOGY
A systematic search for technological solutions free from the above limitations has led to the creation of a new method for conducting heterogeneous catalytic reactions in the gaseous phase . This method is based on the use of a finely milled active material as a catalyst in the reactor where it is present as an aerosol of micro-and nano-particles. It should be stressed that the use of such catalytically active particles does not require the presence of a carrier. This technology is called aerosol catalysis and has widespread implications for general catalytic practice all over the world.
The application of finely milled aerosol particles of metals, their oxides and salts eliminates problems associated with the strength and thermal stability of the catalyst. The possibility also arises of removing reaction products such as coke and salts from the surface of the catalyst by treatment, for example, with a fluidized bed of inert material placed directly in the reaction zone. The high catalytic activity of such aerosol particles is also sustained by simultaneous mechanical treatment of their surfaces. The sizes of the fluidized bed particles are several orders of magnitude greater than those of the aerosol particles, while the dynamic conditions of the gas in the reactor are adjusted in such a manner as to constantly maintain the fluidized bed particles in the reaction zone (Glikin 1996) .
Self-regeneration of the catalyst occurs directly in the reaction zone through contact of the catalyst particles with the fluidized bed of inert material. Thus the reactor combines a fluidized bed of particles and a moving catalyst stream and thus allows in situ mechanical treatment of the surface of the catalytically active material (see Figure 1 ).
As shown below, this results in quite significant outcomes. The smaller the catalyst particles, the better their catalytic properties. As for liquid-phase processes, the reaction rate is defined not only in terms of the concentrations and ratios of the reactants, the pressure and the temperature, but also by the catalyst concentration in the reaction zone.
Catalytic particles with diameters less than 100 m are capable of forming a steady aerosol state. The vorticity of the particles, their developed external surface and the presence of a certain concentration of catalyst ensures equal access for all the reactants to the active catalytic surface. The thermal stability of the catalyst is no longer dependent on the carrier material and elimination of the carrier leads to a change in many of the more important factors and properties of the catalytic system. Examples are as follows:
The absence of intradiffusional stages in the chemical reaction. An increase in the strength and thermal stability of the catalyst. The possibility of catalyst regeneration by mechanical treatment. Simplification of production and reduction in the cost of catalyst production. Expansion of the range of catalyst applications. The possibility of conducting catalytic reactions with solid reactants.
However, new problems are also coming to light, the most important being the separation of the finely milled catalyst from the reaction products and its recycling.
EXPERIMENTAL STUDIES USING A FLOW-TYPE UNIT
The laboratory reactor employed ( Figure 1 ) was based on a flow-type cylindrical tube consisting of three parts, i.e. a conical gas distribution zone, a reaction zone containing a constant fluidized bed of materials and a separation zone. The reaction zone had a diameter of 50 mm and a height of 1 m. The technology of aerosol catalysis was first developed for industrial waste treatment (Table 1) and acetic acid vinylation by acetylene (Table 2) . For the data listed in Table 1 , the limiting load was the quantity of acetic acid whose oxidation yielded a CO content in the off-gases not greater than 20 mg/m 3 and corresponding to an oxidation efficiency of over 99.99%. The temperature in the reaction zone was maintained at 600ºC in all the experiments. The platinum catalyst contained 0.6% metal while the Cu-Cr catalyst had an oxide content of 30%. Both catalysts had a specific surface area of 160 m 2 /g. For this series of experiments, only low-resolution methods were available for measuring particle sizes. The range of particle dimensions used in aerosol catalysis and selected at the reactor exit was as follows: < 0.1 m, 45-50%; 0.1-0.2 m, 40-45%; > 0.2 m, 5-10%. The calculated specific surface area was 1.2 m 2 /g while the density was 5 g/cm 3 . The figures listed in column 5 of Table 1 were calculated from the experimental data based on the volume of the stationary catalyst bed while those in column 6 were calculated relative to the mass of the active component.
The data listed in Table 1 indicate a higher catalyst activity in the reaction zone in the aerosol state relative to the classical system where the catalytically active substance was situated on a carrier. The difference in activity, which amounts to five orders in magnitude, is so great that any measurement inaccuracies neither affect the quantitative (nor, more importantly, the qualitative) significance of the result. The amount of catalyst present in the reaction zone is a major factor in determining the data listed in columns 4-6. For systems involving carriers, this quantity is ca. 1000 kg cat /m 3 of reaction volume for systems on carriers, indicating that the content of the platinum catalyst (Pt/ -Al 2 O 3 ) was ca. 6 kg while that of the Cu-Cr catalyst (CuCrO 4 / -Al 2 O 3 ) was 300 kg.
In the case of Fe 2 O 3 , the rate of feed of catalyst into the reactor was defined as the difference between the catalyst weight entering the feeder at the start of the experiment and after its completion. All measurements were carried out with the greatest possible accuracy. To date, we have collected a large amount of statistical data which indicate that ca. 3-4 g Fe 2 O 3 per 1 m 3 of initial mixture was fed into the reactor. When account is taken of the fact that the Fe 2 O 3 particles were of m size and the rate of flow of gas in the reactor was greater than 1 m/s, it is not difficult to see that the catalyst particles should be constantly carried away from the reaction zone. Finally, in discussing the experimental data listed in Table 1 , it should be noted that the first two examples listed are characteristic of modern catalyst systems considered as highly active in complete oxidation reactions, while iron oxides are classified as catalysts with a lower activity in such reactions (Glikin 1996) .
Processes involving industrial waste treatment and a number of end-product syntheses have been undertaken employing both laboratory and pilot-scale units. Such studies have involved the use of the unit depicted in Figure 2 , which consisted of an initial electrical heater 1 (for heating the gas stream and in a number of cases for evaporating organic substances), reactor 2, cyclone 3 and filter 4 for recovering the catalyst dust from the gas stream. The unit was equipped with feeder 7 for liquid reactants and feeder 5 for the catalyst and solid powdered materials. The pilot and semiindustrial units used had a similar layout and no basic differences were made either to the layout or the reactor design for different catalytic reactions.
Treatment of some toxic substances and industrial wastes has been undertaken for a number of years in both laboratory and pilot-scale units (reactor diameter, 200 mm) employing aerosol catalysis technology. In all cases, the reaction products corresponded to thermodynamically stable natural compounds even when chlorine-containing substances were treated. In our studies, the principal purpose was to produce end products for further use and this was successfully achieved in a number of investigations. Naturally, this has required the use of a selection of aerosol catalysts, the concentration of catalyst employed being a number of grams per reaction volume while the reaction rates observed were some 4-5 orders of magnitude higher than those for traditional catalysts supported on carriers.
Reduction reactions, complete and partial oxidation, hydration and dehydration, and cracking have all been effected using this type of technology. Table 2 lists the results of investigations on acetic acid vinylation by aerosol technology relative to those observed for traditional industrial catalysts. Since the vinylation reaction had an essentially different mechanism from that of the waste-treatment process studied previously, it was possible to replace the classical catalytic system (catalytically active substance supported on a carrier) by a more simple and active mixture. However, the activated coal used as a carrier for the industrial catalyst was not inert since it was capable of activating acetylene molecules and for this reason the mixture injected as an aerosol in this process was produced mechanically. It was found that the reaction rate obtained with such aerosol catalysts was 4-5 orders of magnitude greater than that for the classical industrial catalyst, i.e. zinc acetate supported on the activated coal. The mechanism of the process, the size and surface area of the aerosol particles, and the technology and equipment employed for aerosol catalysis all require further systematic research. 
SIZE MEASUREMENTS OF CATALYST PARTICLES
The statement that aerosol particles are of nanometre size raises a number of questions. We have regularly carried out X-ray diffraction measurements on both the fresh and spent catalyst in the laboratory and pilot-scale units employed. Normally, the effective time that a given catalyst sample could be used extended from one cycle to 1000 h with the catalyst being sampled at various points in the equipment set-up. Although a natural valency change was observed for some metals, the main change was that of crystal growth with particles increasing in length from 1400 nm up to 3000 nm. This behaviour may be explained in terms of the tendency of samples to agglomerate in a free volume.
Help in defining the sizes of particles by modern methods has been freely offered by foreign colleagues who are expert in the field of aerosol physics after we reported our observations (Prin et al. 1988 ) at the European Aerosol Conference in Hamburg, Germany in 1997. Measurements have been conducted in situ in our laboratory units with sample analyses being conducted at different points in the reactor. Some of the experiments conducted involved the complete oxidation of acetic acid with measurements being achieved by several methods. Typically, these involved the use of transmission electronic microscopy (TEM), electron diffraction (EDI) and energy absorption electron spectroscopy (EELS), the measurements being carried out by Prof. Th. Kauffeldt of the Institute of Combustion and Gas Dynamics, Duisburg University, Germany.
For such measurements, a transducer with a TEM lattice was placed in the aerosol stream allowing some of the catalyst particles to be deposited on the lattice. Samples were taken at points situated after the reactor and cyclone in the equipment set-up. Further investigation of the particles deposited on the TEM lattice by EELS confirmed that they consisted of iron oxide, with electron diffraction studies indicating that all the particles had a polycrystalline structure. Although the initial crystallite size could not be defined by this method, particles measured after the reactor and cyclone were 100 nm in magnitude with one particle having a radius of ca. 200 nm. In addition, socalled accompanying particles of size ca. 10 nm or less were observed. This is demonstrated by Figure 3 which shows a typical micrograph where fragments of smaller sizes and the agglomerate structure of particles may be observed. Thus, whereas the particle size distribution inside the reactor could not be characterized, nevertheless the results obtained have confirmed our suggestions that nano-sized particles are present in the reaction zone. Further measurements of the particle sizes have been conducted by E. Nijman and K. Geerse from the Chemical Engineering Department of Delft Technological University, Holland using a quasi-elastic dispersion light spectroscopy (QELS) method (see data listed in Table 3 and depicted in Figure 4 ). The use of coherent laser sources allowed the sizes of the moving particles to be defined since the changes associated with particle movement are insignificant compared to the frequency of the incident light. To facilitate such measurements, sight windows were inserted in the body of the reactor thereby allowing direct access to the reaction zone both when the latter was in cold mode and during the complete oxidation of acetic acid. In addition, the off-gas from different reactor zones was analyzed both before and after the cyclone (Figure 4 ). In some of these tests the glass dishes were initially filled with water. The results listed in Table 3 show that the minimum particle size was 8 nm, the larger particles probably being agglomerates of different density. Most frequently the crystals observed were 100 nm in size, in agreement with the results of the measurements mentioned above (Glikin 1996) .
Measurement of the size of the catalyst particles under operating conditions by photo correlation spectroscopy detected disintegration of the initial catalyst particles in the reaction zone down to 8 nm. Smaller sized particles could not be measured in the presence of large particles under the reaction conditions employed. These results were confirmed by preliminary electron microscopy measurements of the particle dimensions at a position after the reactor in the equipment set-up ( Figure 3 ). Obviously particles of size 80-100 nm and larger were formed in the free reaction volume of the fluidized bed and in the cyclone. The micrograph depicted in Figure 3 that shows particles 10-20 nm in length clearly stuck to larger particles provides evidence for this situation.
SOURCE OF THE HIGH ACTIVITY OF AEROSOL PARTICLES
It is well known that mechanical and chemical treatment increases catalyst activity by creating imperfections in the crystal lattice. Indeed, such processes are widely used in catalyst preparation (Tschope et al. 1997) . It is also known that the extent to which a catalyst is de-activated depends strongly on the length of time it is maintained in the reaction zone. However, finely milled catalysts of the type employed in our processes exhibit virtually constant activity during the time length of the whole process. The role of mechanical activation of the catalyst combined with the timespan and volume allowed for reactant interaction in chemical processes has already been mentioned. Our knowledge of nano-structural materials has developed rapidly recently (Dagani 1992) and the properties of nano-and micro-particles provide an important supplement to qualitative explanations of kinetic data for chemical reactions. It should be noted that distinctions between the properties of macro-and micro-particles are difficult to make, with any increase in catalyst activity associated such particles probably arising from new surface properties such as adsorption, electrical conductivity, surface energy, electromagnetic effects, surface tension, electron work function, etc. Such phenomena and changes occurring during mechanical activation provide on-going problems whose solution should provide a wider scope for scientific research and industrial practice in aerosol catalysis.
POTENTIAL NEW ROUTES
The use of aerosol particles in the reactor creates a quasi-structure for the catalyst where the distance between the particles may be considered a characteristic similar to the porous structure of the classical catalyst. The first line in Table 4 characterizes those catalytic systems most widely used in industry at the present time. The kinetics of processes involving such catalysts are not defined by the distance between the particles but by the porous structure of the catalyst. This parameter is very difficult to regulate whereas the distance between particles is easily controlled in an aerosol catalyst since it is determined by the catalyst concentration and the diameters of the particles. Indeed, an aerosol catalyst should be considered as a catalytic system whose structure is constantly changing, with the average parameters of the aerosol characterizing its catalytic properties. Table 4 lists the distances between aerosol particles as calculated for different concentrations, from which it will be seen that the unusual high activity of an aerosol catalyst is connected both with the size of the particles and the distance between them. It is probable that these parameters determine the maximum possible reaction rate connected with the free path length of a molecule, its collision frequency and the characteristics of the transition state. Calculations have demonstrated that the free path length of a molecule in a monodisperse system containing particles of diameter 10-100 nm is comparable to the average distance between them (see Table 4 ). However, the catalytic systems encountered in aerosol reactors are polydisperse under the reaction conditions employed. Although important for the kinetics of the process, this situation is extremely difficult to investigate. Carrier present 1 2.0 × 10 2 0.6 × 10 3 1.2 × 10 8 1 × 10 -2 3.8 × 10 8 1.37 × 10 -3 2 × 10 -3 9.6 × 10 9 4.71 × 10 -4 1 × 10 -3 3.8 × 10 10 2.97 × 10 -4
Carrier absent 1 6.0 × 10 -1 1.0 × 10 -2 6.0 1 × 10 -5 1.9 × 10 10 3.7 × 10 -4 6.0 × 10 1 6.0 × 10 2 1 × 10 -7 1.9 × 10 16 3.7 × 10 -6 6.0 × 10 3 6.0 × 10 4 1 × 10 -9 3.8 × 10 22 3.7 × 10 -8
Carrier absent 5 1.2 × 10 -1 1.0 × 10 -2 1.2 1 × 10 -5 3.8 × 10 9 6.4 × 10 -4 1.2 × 10 1 1.2 × 10 2 1 × 10 -7 3.8 × 10 15 6.4 × 10 -6 1.2 × 10 3 1.2 × 10 4 1 × 10 -9 3.8 × 10 21 6.4 × 10 -8
The data illustrated in Figure 5 demonstrate that a major characteristic of aerosol catalysis is the dependence of the reaction rate on the catalyst concentration as is typical for liquid-phase reactions. However, what is important is that only a very small quantity of aerosol is necessary to achieve the maximum reaction rate. The right-hand side of the curve depicted in the figure demonstrates either the cessation of the reaction or the presence of an excess quantity of catalyst. Similar dependencies have been found for all the reactions investigated, but the optimum catalyst concentration and nature of the relationship appear to be unique for every reaction.
How such relationships influence the productivity of the reactor is important for industrial practice and for this reason this quantity has been calculated on the basis of the data shown in Figure 5 . The corresponding results shown in Figure 6 demonstrate that the maximum productivity occurs at the point of optimum catalyst concentration (see Figure 5 ) and then remains virtually constant. It is probable that, in the system under investigation, inhibition of the end-product reaction by excess aerosol catalyst as suggested above has not occurred within the concentration range studied, with the catalyst surface remaining accessible to the reactants and sufficient for completion of the reaction. The same situation was observed when a fixed catalyst bed was used for the carrier.
Studies of reaction inhibition by an excess amount of catalyst have been undertaken for aerosol catalysis employing a specially constructed gradient-free reactor with a vibrating bed. This experimental set-up allowed the catalyst concentration to be changed over a wide range, i.e. from 0 to 2500 g/m 3 of reactor volume. The results obtained at low catalyst concentration presented in Figures 7 and 8 show a picture similar to that observed with a flow-type reactor. Comparison of Figures 5 and 7 and Figures 6 and 8 demonstrates that the experimental data for the maximum reaction rate, the specific productivity of the reactor and the corresponding catalyst concentrations are identical in both cases. However, the presence of a considerable excess of catalyst (greater than 600 g/m 3 in the experiments depicted) actually led to termination of the reaction. This information is extremely important for industrial practice.
The new technological features available for kinetic studies are as follows: (i) the chemical reactions occur in an extra-diffusional field; (ii) the reaction rate is defined by the rate of transfer of the reactants to the surface of a solid aerosol particle; (iii) the reactant concentration is close to the equilibrium value; (iv) the reaction order has a magnitude close to unity; and (v) the observed activation energy is very small (in the range 1-30 kJ/mol), i.e. several times lower than for catalysis on a carrier.
ADOPTION OF THE NEW ROUTE IN INDUSTRY
Laboratory and pilot-scale investigations of the treatment of waste arising from industrial processes by aerosol catalysis technology have shown the possibility of obtaining a new level of kinetic efficiency (see data listed in Tables 1 and 2) . The laboratory results have been confirmed by data obtained over a number of years during operation of a pilot-scale unit with a reactor diameter of 0.2 m. The unit was tested at an industrial site mainly with the aim of improving the technology, equipment and control system. Nevertheless, the efficiency of aerosol technology has been demonstrated in the treatment of industrial wastes containing salts of organic and mineral acids, resins, solid polymers and catalyst dust.
Indeed, chemical transformations for a range of substances and industrial wastes have been tested under aerosol catalysis conditions during the past few years. Such transformations have involved many classes of chemical compound, e.g. hydrocarbons and their oxygen-containing products, salts of organic and inorganic acids, products containing nitrogen, chlorine, other halogens, sulphur, phosphorus and metals, and cyclic and aromatic substances together with complex structures based upon them. These studies have demonstrated the possibility of achieving the complete or virtually complete transformation of substances and mixtures thereof to thermodynamically stable products of the type which exist in the natural state, i.e. carbon dioxide, water, oxides and salts, with raw materials suitable for further use being recovered in a number of cases.
Aerosol catalysis technology has been tested and shown to be effective in a number of syntheses, i.e. natural gas conversation with the production of synthesis gas, acetic acid vinylation, ethanol dehydration to ethylene, benzene oxidation to phenol, ammonia oxidation to nitrogen oxides and others. In all the processes investigated, the rates observed for the chemical reactions were 4-5 orders of magnitude greater than those when the reactions were conducted over supported catalysts.
A demonstration unit with a reactor diameter of 170 mm designed for biomass treatment has been constructed for Katator of Sweden, while the first mobile installation for waste treatment with a reactor diameter of 200 mm has been put into operation in Schekino (Russia). In both cases, the behaviour observed has confirmed the efficiency of the new technology. At present, work is proceeding on the development of an installation for the treatment of chlorine-containing wastes generated at a vinyl chloride production plant involving the recycling of chlorine. It is intended that this large installation will be in operation not later than the beginning of 2002.
CONCLUSIONS
1. The scientific principles underlying aerosol catalysis as a new method for conducting heterogeneous catalytic reactions in the gaseous phase have been formulated. 2. The use of aerosol catalysis technology increases the catalytic activity in a given system by 4-5 times. 3. The possibility of employing aerosol catalysis technology for complete and partial oxidation, vinylation, recovery, dehydration, cracking, etc. has been demonstrated and the efficiencies of the various processes involved evaluated.
